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tasks, it actually serves as a model
for sequential cognitive functions.) 
Smallness is a great advantage
when one wants to model a
system, and invertebrate nervous
systems have long served as
subjects for modellers. Generally,
these have been relatively local
models involving a single structure
in the nervous system. But with
the advent of physiological
techniques to sample more widely
and with perturbations that can be
directed at combinations of brain
regions, modelling on a more
global scale becomes accessible.
The preparation may lack
backbone, but its potential for
systems neurobiology does not.
Finally, there is yet another virtue
to probing the breadth and depth
of complex brain function in
Buchsbaum’s subkingdom, quite
separate from whatever similarities
they may share with us ‘higher’
(sic) creatures. That virtue was
recently summarized by T.H.
Bullock [3] who, in addition to
being one of the pioneers of
invertebrate neurobiology, has also
been one of its principal
missionaries and practitioners: “We
are seriously lacking in knowledge
of what the actual differences are
between less complex and more
complex brains, particularly in their
physiology. Crude, low
magnification histology tells us
there are marked differences
between taxa of several grades of
complexity, but in spite of off and
on claims of more speech cortex
and prefrontal lobes in humans, we
have no neural basis for the vast
differences in behavioral
complexity between humans and
other species.” We have our work
cut out for us.
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Zeitgeist redux? A Medline
search for ‘systems biology’
reveals an interesting trend: the
number of papers that mention
this phrase has gone from less
than 10 in the year 2000, to over
140 in 2003. But the application of
systems theory to biology is not
new: initial attempts date back to
the 1940s. The renaissance was
sparked by completion of the
human genome sequence, and
fueled by a proliferation of data
from the genomics revolution. The
availability of powerful
computational tools and broad-
band internet connections has
also greatly facilitated the analysis
and distribution of vast datasets,
on which systems biology is
largely based.
What exactly is systems biology?
It all depends on whom you ask,
but there are at least two general
camps of people doing, and talking
about systems biology. What they
have in common is a focus on
understanding the components
and dynamic behaviors of
biological systems. The first group
can be thought of as the
panomicists. These researchers
combine different high-throughput
data, such as transcriptomes and
proteomes, to formulate and test
hypotheses about the components
and connectivity of biological
networks. For instance, the
integration of protein–DNA binding
data with clustered transcriptional
expression data provides a more
reliable basis for inference of
genetic network topology than
either single dataset. This group
attempts to determine the system
structure on which systems biology
is predicated.
However, the reconstruction of
genetic networks is different from
modeling networks as complex
systems. And this is where the
second group, the dynamicists,
comes in. These researchers apply
principles of systems theory to the
modeling and testing of biological
system dynamics. An excellent
example of this was the
identification by Alon et al. of the
elements of an ostensibly simple
phenomenon, bacterial
chemotaxis, that display
robustness as a result of protein
network topology.
In addition to these two groups
of systems biologists, there is a
great deal of interest in developing
tools to design and control
biological systems. This forward
engineering approach has found
some success in devising
molecular oscillators, but more
complex biological machines are
undoubtedly on the way.
Emergence of a system. A
central concept in systems theory
is that the interaction of several
agents, such as proteins in the
chemotaxis network, can exhibit a
new emergent state as a
consequence of their interactions.
It is this property of biological
systems, emergence, which has
many people in the field talking
about a paradigm shift in
biological research. 
Without question, the reductionist
pursuit of molecular biology has
been a tremendous success story.
Systems biology today would not
be possible without the tools and
knowledge that the reductionistic
approach to identifying system
components has provided. But it is
not always possible to understand
the behavior of a complex system
simply by scaling up the properties
of its individual parts. 
Hiroaki Kitano, one of systems
biology’s pioneers, uses the
analogy of a detailed roadmap. As
useful as it may be to understand
the components and connectivity
of towns and malls, it doesn’t
reveal much about traffic patterns
and how to best control them. This
can also be said of the map of
molecular networks that is
currently being assembled. It will
require dynamic systems
monitoring, modeling, and testing
to understand its organization and
complex behavior.
Newton’s blade of grass. In this
sense, the reductionist approach
of finding ever smaller parts and
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then modeling the interaction of
those parts based on their
individual properties will fail to
capture the larger system
dynamics. Over 200 years ago,
Immanuel Kant noted this
approach would not be suitable for
understanding complex systems
such as an organism. He said there
would never be a “Newton of the
blade of grass”: because the blade
of grass is more than the sum of its
parts, complete knowledge of the
parts list will not necessarily be
predictive of the behavior of the
whole. Fortunately, we don’t have
to resort to a vitalistic explanation
for the phenomenon of emergence.
Systems biology offers both an
epistemological and technological
solution to this problem.
Ideker et al. have outlined the
four steps of the systems biology
approach: component
identification and modeling;
system perturbation and
monitoring; model refining; and
model testing. In addition to high-
throughput monitoring and
reverse-genetics tools, the volume
and nature of the data now being
generated necessitate the
integration of computational
modeling and testing. The basic
premise is that the identification of
a parts list, combined with the
monitoring and modeling of the
dynamic behavior of those parts,
will offer better models of
biological systems.
The challenge of systems
biology. The application of a
systems theoretic analysis may
dramatically improve our
understanding of many biological
processes such as morphogenesis,
pathogenesis, cognition and
ecology. There is no question that
these all may be complex systems
that preclude full understanding by
the reductionistic paradigm. But
this new incarnation of systems
biology faces a number of
challenges in the coming years.
The first is technological: to
move beyond a focus on
transcriptional profiling and
protein–protein interactions. A
more complete understanding of
system dynamics requires
knowledge from other parts of the
system, such as metabolites, as
well as other forms of network
modulation, such as post-
transcriptional regulation. 
The second, and perhaps most
vexing hurdle, is data sharing. If
different datasets are to be
integrated in a meaningful way, it
will be necessary to not only
improve annotations, but also to
increase standardization in lab
procedures. It is axiomatic in
molecular biology that minor
variations in procedures,
reagents or environment can
have a dramatic effect on
biological systems. It is thus
incumbent on systems biology
researchers to communicate
more effectively about system
parameters that may be relevant
to the ultimate model. 
Lastly, this approach requires
expertise in molecular biology,
mathematics, genomics, computer
science and systems theory. As it
is improbable that effective
progress in the field will be made
by individual researchers with all of
these skills, tight collaborations,
and more interdisciplinary training,
are essential for systems biology to
be productive. Moreover, this
cooperation must be greater than
the sum of its PIs by not only
asking molecular biological
questions from a systems biology
mindset, but by investigating
systems biology problems with all
of the skills of the individual
researchers involved. The
challenges are great, but so are the
prospects for a new understanding
of what is life.
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What is M. truncatula?
Commonly known as ‘barrel
medic’ because of the shape of
its seed pods, M. truncatula is an
omni-Mediterranean species
grown as an annual forage
legume. It is a near relative of
alfalfa — the world’s
economically most important
forage legume. The plant is self-
fertile and its genome, unlike the
complex ones of other legume
species, is diploid (with just eight
pairs of homologous
chromosomes).
What attributes are unique to
legume species? Legumes are
unique among crop species in
their ability to fix atmospheric
nitrogen through symbiotic
relationships with bacteria of the
genus Rhizobium. This ability
reduces the dependence on
agricultural chemical inputs and
promotes soil fertility. Like many
other families of plants, but
unlike the Brassicaeae that
includes the model plant
Arabidopsis thaliana, legumes
also form symbiotic relationships
with mycorrhizal fungi that assist
the plant in uptake of phosphate.
Legumes have evolved a
complex assortment of natural
products, involved in both the
establishment of symbiosis and
in defense. These include various
flavonoids, isoflavonoids and
triterpene saponins, some of
which are believed to benefit
human health.
Why has M. truncatula been
chosen as a model legume? As
a bona fide forage crop, M.
truncatula is an excellent subject
of studies on forage quality traits
such as digestibility, nutritional
value, palatability and silage
properties. In addition to its small
genome size and simple
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